Two strains of porcine parvovirus (PPV), designated Kresse and NADL-8, were compared for relative virulence in porcine fetuses. Strain Kresse was injected into the amniotic fluid of all fetuses of 1 uterine horn of each of 2 pregnant gilts at 72 days of gestation. Strain NADL-8 was administered similarly to fetuses of 4 other gilts at the same stage of gestation. All gilts were killed and necropsied 35 days later. Selected tissues of all fetuses were tested for infectious virus and viral antigen. Sera from live fetuses were tested for antibody to PPV. These tests confirmed that most fetuses exposed to PPV by intra-amniotic injection became infected. All of 11 fetuses exposed to strain Kresse by intra-amniotic injection were alive at the time of necropsy, and all appeared clinically normal. In contrast, 8 of 24 fetuses exposed similarly to strain NADL-8 were dead. Many of the fetuses from the uterine horns contralateral to the uterine horns inoculated with virus were infected after 72 days of gestational age by intrauterine spread of the virus. Four such fetuses, 3 infected with the NADL-8 strain and 1 infected with the Kresse strain, were dead at the time of necropsy. These findings were inconsistent with those of a previous report, which indicated that the Kresse strain of PPV was markedly more virulent than the NADL-8 strain of PPV for porcine fetuses. A possible reason for this apparent discrepancy is discussed.
Porcine parvovirus (PPV) is a major cause of maternal reproductive failure of swine. 2, 4, 9, 10, 14 When nonimmune gilts and sows are infected with PPV during gestation, the virus usually crosses the placenta and infects the developing conceptuses. Experimental studies indicate that the clinical consequences of transplacental infection are dependent on the stage of gestation at which the conceptus is first exposed to virus. 1, 3, 4, 9, 12 Conceptuses infected up to about 70 days of gestational age usually die and are either resorbed (embryos) or become mummified in utero (fetuses). In contrast, those infected after about 70 days of gestational age usually survive and are farrowed normally at term (112-114 days of gestation) with high levels of serum antibody. In general, observations of naturally occurring cases of PPV-induced reproductive failure have paralleled those of experimental studies; the size of dead fetuses (crownrump measurements) indicates that death has occurred as a result of infection before 70 days of gestational age. 8, 11 In contrast to the generally accepted dogma of PPV pathogenesis described above, a recent report suggests that some strains of PPV kill porcine fetuses infected relatively late in gestation, i.e., after 70 days of gestational age. 3 The existence of such strains would complicate the differential diagnosis of maternal repro-From the USDA, Agricultural Research Services, National Animal Disease Center, Virology Swine Research Unit, PO Box 70, Ames, IA 50010 (Lager, Mengeling) , and the Institute of Laboratory Animal Science, Beijing, People's Republic of China (Liu).
Received for publication October 7, 1991. ductive failure of swine and add to the economic impact of PPV on the swine industry. The objective of this study was to investigate the relative virulence of 2 strains of PPV (designated Kresse and NADL-8) for porcine fetuses. The Kresse strain is reported to be more virulent than the NADL-8 strain, which is generally considered to be the prototype for virulent strains of PPV. 12, 13 Fetuses at 72 days of gestational age were exposed to virus by intra-amniotic injection and were subsequently examined for infection and pathologic changes.
Materials and methods
Virus. The Kresse strain of PPV was obtained from H. S. Joo of the University of Minnesota as a homogenate of tissues from an experimentally infected porcine fetus. This strain was originally isolated from vesicle-like lesions of a naturally infected neonatal pig. 5 The stock virus was propagated in a tertiary culture of fetal porcine kidney cells free of endogenous infection with PPV and was used to infect porcine fetuses after only one passage in cell culture (Kresse [1] ). The NADL-8 strain of PPV was a homogenate of several experimentally infected porcine fetuses, all from the same litter, and was originally isolated from a dead naturally infected porcine fetus. It was used in this study both before (NADL-8) and after (NADL-8 [1] ) 1 passage in cell culture. All virus preparations used to infect fetuses were filtered (0.22 µm). The filtrate was titrated in cell culture for infectivity and diluted to contain 10 3.5 median cell culture infectious doses (CCID 50 )/0.2 ml.
Pregnant gilts. Six pregnant gilts were purchased from a commercial swine herd. All were tested and had serum antibody to PPV before their fetuses were exposed experimentally to virus. The presence of maternal antibody prevents Table 1 . The effects of two strains of porcine parvovirus (PPV) on porcine fetuses infected in utero. dissemination of virus from infected fetuses to the maternal circulation and then, by transplacental infection, to other fetuses of the same litter. However, maternal antibody does not cross the placenta and therefore has no effect on intrauterine spread of virus.
Experimental infection of porcine fetuses. Each of the 3
virus preparations was administered intra-amniotically (0.2 ml, 10 3.5 CCID 50 ) to each fetus of 1 uterine horn (hereafter designated the principal uterine horn) of each of 2 gilts at 72 days of gestation. Each fetus of the contralateral uterine horn of each gilt was exposed similarly to 0.2 ml of virus-free cell culture medium. Surgical procedures used for intra-amniotic injection have been described previously. 13 Before injection, each fetus was gently palpated through the uterine wall to help assess its size and condition. All fetuses were judged alive and developing normally.
Necropsy procedures. Gilts were euthanized with an overdose of barbiturate and necropsied at 107 days of gestation (35 days after their fetuses were exposed to PPV by intraamniotic injection). Blood samples were immediately collected from the umbilical cord of all fetuses that were alive at the time of necropsy. The corresponding sera were subsequently tested for hemagglutination inhibition (HI) antibody. 7 A crown-rump (CR) measurement 6 was made, and each fetus was identified as alive or dead at the time of necropsy. Samples of lung, liver, spleen, and kidney were collected, appropriately processed, and tested for infectious virus and viral antigen. 10 Evidence of fetal infiction. Fetuses were identified as infected with PPV if HI antibody was detected in their sera (live fetuses) or if viral antigen or infectious virus or both were detected in their tissues (live and dead fetuses). The amount of viral antigen in fetal tissues was estimated by immunofluorescence microscopy.*
Results
The 6 litters examined contained a total of 69 fetuses (55 live and 14 dead) ( Table 1 ). The estimated time of death (Table 2) indicated that many of the 14 dead fetuses had died shortly after surgical intervention. Examination of tissues collected at necropsy indicated that all but 2 of the fetuses exposed to PPV by intraamniotic inoculation were infected with virus. The 2 exceptions were fetuses that had apparently died soon after surgery and perhaps before extensive replication of the virus (fetuses 1 and 2, Table 2 ).
There was extensive spread of both strains of PPV to littermate fetuses in the contralateral uterine horn; 19 of 34 (56%) of these fetuses had been infected sometime during the 35-day interval between intra-amniotic injection of their littermates and necropsy. The amount of intrauterine spread of virus was similar for both strains; 13 of 22 (59%) for NADL-8 and 6 of 12 (50%) for Kresse (Table 1 ).
There were more deaths among fetuses of litters exposed to NADL-8 (13 of 46; 28%) than among those of litters exposed to Kresse (1 of 23; 4%), regardless of the route of exposure ( Table 1 ). Most of the dead fetuses were infected with PPV: 9 of 13 (69%) in NADL-8-infected litters and 1 of 1 in Kresse-infected litters. Most of the live fetuses were infected with PPV: 26 of 33 (79%) in NADL-8-infected litters and 16 of 22 (73%) in Kresse-infected litters.
Serum HI antibody titers of the 39 live infected fetuses ranged from 40 to 1,280. There was no apparent difference between the range of antibody titers of fetuses that had been infected with NADL-8 (40-1,280) and those of fetuses infected with . The most sensitive method for confirmation of infection of dead fetuses was virus isolation; however, low to moderate amounts of viral antigen were detected in tissues of many of the same fetuses ( Table 3 ). The most sensitive method of confirming infection of live fetuses was detection of serum HI antibody. Virus and viral antigen were detected in the tissues of some of these fetuses (Table 3 ).
Discussion
Results did not indicate that strain Kresse of PPV can consistently kill porcine fetuses infected after about 70 days of gestational age or that strain Kresse is more virulent for porcine fetuses than is the virulent prototype strain NADL-8. Of 17 porcine fetuses infected with strain Kresse, 11 by intra-amniotic injection and 6 by subsequent intrauterine spread of virus, only 1 was dead at the time of necropsy (Table 1 ). In contrast, 9 of 35 fetuses infected with the NADL-8 strain by these 2 routes died during the same interval.
The fact that a greater proportion of fetuses infected with the NADL-8 strain died suggests that this strain may be more virulent than the Kresse strain. However, there are several reasons to question whether either strain had any direct effect on fetal survival during late gestation. Porcine fetuses become progressively more resistant to the lethal effects of PPV as they develop in utero. 1, 4, 9, 12 Therefore, if some fetuses infected at 72 days of gestational age succumbed to infection, those fetuses subsequently infected by intrauterine spread of virus would likely survive. This hypothesis was not supported by the data; 6 of 33 (18%) fetuses infected at 72 days of gestational age, versus 4 of 19 (2 1%) fetuses infected later by intrauterine spread, died before 107 days of gestation. None of the infected, dead fetuses had large amounts of viral antigen in their tissues as is typical for fetal death due to PPV.* If a fetal immune response had effectively controlled the spread of virus in the dead fetuses, it should have also provided adequate protective immunity against the clinical effects of the virus. The proportion of infected fetuses that died (10 of 52, 19%) was actually less than that of noninfected fetuses that died (4 of 17, 24%).
If fetal death was not a consequence of virus infection, what was the cause? The number of deaths, 14 of 69 (20%), was too high to be explained entirely by natural causes. Trauma inflicted on the gravid uterus, and perhaps the fetuses therein, during surgical manipulation at 72 days of gestation may have been a factor. Exteriorization of a gravid porcine uterus containing a large number of fetuses-the average during this study was 11.5-at 72 days of gestation is a difficult and delicate task. Returning the uterus to the abdom- Table 3 . Detection of serum antibody, virus, and viral antigen in fetuses confirmed to be infected with porcine parvovirus in utero.
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inal cavity in exactly its presurgical even more demanding and is probabl achieved. During these procedures, configuration is y seldom, if ever, frank damage to the uterus was occasionally visible as focal hemorrhage under the serosal surface. The uterus was out of the abdominal cavity for about 30 minutes while examination and injections were made. At least some of the deaths may have been due to surgical manipulations, especially those of fetuses that apparently died shortly after surgery (Table 2) .
It is not clear why the results of this study contrast with those of a previous study. 3 The Kresse strain was obtained from the same laboratory, so the virus preparations were essentially the same. A single passage of the NADL-8 strain in cell culture, identified in this study as NADL-8(1), did not obviously reduce its virulence for porcine fetuses (Table 1) ; the same should be true for the Kresse strain, which was tested only after 1 passage in cell culture. The susceptibility of pregnant gilts, and more importantly their fetuses, may have differed between the 2 studies; however, any difference should have affected only the assessment of the age at which fetuses were susceptible to the lethal effects of either strain and not their relative virulence. The most obvious difference between the methods of the 2 studies is the route by which virus was administered to fetuses: intra-amniotic injection in this study and subcutaneous injection in the previous study. Because the Kresse strain was initially isolated from a skin lesion of a neonatal pig, this strain may be more pathogenic by subcutaneous exposure. However, because fetuses are not naturally exposed subcutaneously to PPV, this route of exposure was considered less appropriate for achieving the main objective of our study. approval of the also be suitable products to the exclusion of others that may
